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Vergence in Early 
Vergence to static targets presented at five distances between 25 and 200 cm from the subject was 
measured in 631 infants aged between 17 and 120 days. Photographic images of the eyes were magnified 
and measured to yield information on the monocular and binocular eye positions for each target. 
Vergence data were fit by a Hnear function and compared to the vergence calculated from target distance 
and each infant's measured interpupillary distance. Differences in vergence across targets were also 
evaluated for each subject by calculating the change in angle of rotation for each eye. Many of even 
the youngest infants showed good ocular alignment both monocularly and binocularly, although the 
youngest infants showed the greatest variability in vergence. However, the median difference in vergence 
angle between the eyes for even the youngest group was < 4 deg (6.8 prism D), and some of this 
difference is attributed to versional eye movements and to slightly off-axis head position across trials. 
The average infant of 1-2 months showed substantially better vergence than has been reported in some 
recent studies. Apparently, oculomotor constraints are not a significant barrier to the development of 
the higher forms of binocularity that begin to emerge in the months immediately following the interval 
studied here, and may form the substrate for later developments in binocular vision. 
Vergence Infant Binocular vision Development 
INTRODUCTION 
In most cases, two eyes are better than one. To achieve 
binocularity, it is necessary for an observer to be able to 
coordinate the movements of the two eyes sufficiently to 
point the foveae at corresponding regions in space. Yoked 
movements of the eyes, in the same direction (versions) 
and in opposite directions (vergences), ordinarily support 
the achievement ofsensory binocularity. A failure to align 
the eyes, as in strabismus, can result in amblyopia, which 
in most cases is accompanied by a lack of stereopsis 
and/or sensory fusion. 
Research on the development of vergence in human 
infants reaches back half a century; despite this, we still 
do not have a full understanding of how vergence ye 
movements develop. There is a large body of clinical 
observation (e.g. Archer, 1993; Archer, Sondhi & 
Helveston, 1989; Sondhi, Archer & Helveston, 1988) 
suggesting that infants often exhibit substantial eye turns, 
mostly exotropias; more than 40% of the newborns tested 
were reported to show exotropias exceeding 25 deg 
[42.5 prism D (A)], a marked eye turn. The frequency of 
such large turns was reported to decrease quickly over the 
first few months, but still characterized a major form of 
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behavior throughout the first quarter of a year. This study 
is supported by the work of Friedrich and de Decker 
(1987) who also observed divergent eye position in 
neonates using the Hirschberg test. Neonates may have 
real difficulty in controlling their binocular ocular 
alignment, but it is also possible that the exotropia has 
been misidentified in these results because of the difficulty 
in distinguishing versions from vergences. If the infant 
was not centered in relation to the target, or if the infant 
was looking to one side of the target, the observed eye 
position would represent the sum of a vergence and a 
version across the midline. Since the position of the eyes 
would not be symmetrical in these cases, it might be 
possible to mistake this for an eye turn. This is a particular 
problem for studies which have used a large target 
for vergence such as the examiner's face (e.g. Archer 
et al., 1989). The possibility that some "eye turns" are 
really due to the confusion of combinations of versions 
and vergences with plain vergences would be hard to 
evaluate from a single photograph (Hainline & Riddell, 
1993). 
Maurer (1975) and Wickelgren (1967) made quantitat- 
ive evaluations of infants' vergence to targets located at 
different distances from the infant, using measurements of 
the position of a corneal reflection of a fixed light source 
relative to the center of each pupil in magnified images of 
the eyes. They reported that infants were symmetrically 
exotropic. A possible explanation of this finding is the 
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infants' smaller eye balls. The fovea is not located at the 
center of the retina but is slightly to the temporal side such 
that the eyes appear slightly diverged when a midline 
image is foveated. This results in a differences with age in 
the angular relationship between the visual axis of the eye 
(line of sight) and the eye's pupillary axis (this angle is 
known as angle 2, but is similar to angles ~ and x which 
are defined by slightly different anatomical points). 
Because of their smaller eye size, infants' angle 2 is larger 
than that of adults. Using a similar technique to that used 
by Maurer (1975) and Wickelgren (1967), Slater and 
Findlay (1972, 1975) demonstrated that when this larger 
angle is taken into consideration, even newborn infants 
aligned their eyes appropriately for moderately far targets 
(at 25 and 50 cm), although they failed to converge more 
when the target was extremely close (12.5 cm). Thus, 
another set of results implies that infants converge 
reasonably well even early in life, contrary to the 
observations from the clinical iterature. 
A different picture emerges when infants are tested 
using tasks which require dynamic hanges in vergence. 
Ling (1942) judged the quality of infants' vergence ye 
movements to a small target moving in depth in the 
midline plane; she reported that consistent vergence to 
near targets did not emerge until at least 3 months of age. 
Aslin (1977) also reported that infants younger than 
3 months of age were markedly but symmetrically 
underconverged when tracking a target moving in depth. 
A simple summary of these disparate results is elusive. 
It is possible that some of the discrepancy emerges from 
the nature of the scoring system used (observation vs 
quantification of magnified images of the eyes), but this 
alone does not clearly separate the studies. One possibility 
is that some of the differences result from the use of static 
vs dynamic targets. In the studies in which the targets are 
static, reports of good eye movement control, even in 
early infancy, are prevalent. When the targets are moving, 
however, there are fewer reports of good eye movement 
control, especially in the youngest infants. This suggests 
that there may be different mechanisms supporting static 
vs dynamic vergence and that these might have different 
developmental ime-courses during infancy (e.g. Thorn, 
Gwiazda, Cruz, Bauer & Held, 1994). 
All of these studies view development asthe process of 
moving from an immature to a mature state, with no 
consideration f the potential benefits to the infant of this 
"immature" state (Turkewitz & Kenney, 1982). Yet it is 
possible that the changes in vergence ye movement 
control that take place developmentally form the 
substrate for other sensory and motor behaviors uch as 
sensory binocularity and stereopsis. In order to achieve 
the capacity to combine information from the two eyes, 
it is necessary to insure that each eye is pointing at a 
corresponding portion of the visual field. This could be 
achieved in a primitive form by a system which directs a 
consistent point on the retina of each eye to the place of 
interest in the visual field. From this point, it would be 
possible to refine the system by first, making correlations 
between the sensory input from the two eyes to achieve 
sensory binocular fusion, and then by attending to the 
subtle differences in the position of objects between the 
two eyes, to achieve stereopsis. The development of the 
ability to use retinal disparity cues could then feed back 
to the vergence control system, allowing significant 
developments in the control of vergence ye movements. 
Thus, a primitive control of eye position would be the 
basis for more advanced sensory and motor capabilities. 
These developments must be under the control of a plastic 
system that is sensitive to the environmental input to the 
eyes and to changes in the distance between the eyes 
resulting from growth of the head (Hainline & Riddell, 
1995) 
This study is aimed at exploring vergence behavior with 
careful quantitative analysis of static vergence in a large 
sample of infants between 1 and 4 months of life, an 
interval in which there is some dispute about vergence 
accuracy. The primary question is whether vergence to 
static targets is sufficiently developed early enough in 
infancy to provide the foundation for future develop- 
ments in binocular function. 
METHODS 
Subjects 
We analyzed photographic records from 719 infants 
aged between 17 and 120 days, since the existing literature 
suggested that we might see marked changes in vergence 
accuracy in infants under 4 months. Data from 88 infants 
were rejected because either there were not enough 
scoreable pictures and/or the infants were not attending 
to the targets. This left us with data from 631 infants. 
Where possible, we prefer to use regression with age as a 
continuous variable, but for some analyses the subjects 
were grouped into age categories by month intervals. 
With this grouping, after quality screening, we had 77 
1-month-olds (17-45days); 220 2-month-olds (46- 
75 days); 232 3-month-olds (76-105 days); 102 4-month- 
olds (106-120 days). Consistent with their limited states 
of alertness, data from a higher proportion of younger 
infants (28% for 1-month-olds and 12% of 2-month-olds) 
were rejected than older infants (7.5% of 3-month-olds 
and 8.8% of 4-month-olds). Of the subjects included, 
97.2% of the infants were born within 3 weeks of their 
expected ue date. The remaining 2.8% of the infants 
were between 1 and 1.5 months premature; their data 
were not distinguishable from those of the full-terms on 
these measures. All were healthy and developing normally 
at the time of testing. The procedures were explained to 
each infant's parent before testing and written consent 
was obtained for the procedures. 
Apparatus and procedure 
High speed, black and white flash photographs of the 
infants' eyes were taken and used to make measurements 
of accommodation (reported on previously; Abramov, 
Hainline & Duckman, 1990; Riddell, Grose-Fifer & 
Abramov, 1992) and of vergence angle. Infants looked at 
one of five small ighted olls whose distances were, across 
trials, a random sequence of 25, 33, 50, 100, and 200 cm, 
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which correspond to demands to accommodation f 4, 3, 
2, 1, and 0.5 D. To minimize distraction the room was 
otherwise dark (Abramov et al., 1990). 
Data analysis 
To measure vergence, the images of the eyes on each 
frame were magnified 1.7 times for measurements of the 
two eyes simultaneously and 15 times for measurements 
of each eye separately. At high magnification, measure- 
ments were made of the distance of the corneal reflection 
(the "glint" in the eye's image formed by the flash unit, 
also known as the first Purkinje image) from the center of 
the pupil, measured as half the pupillary diameter 
(Hainline et al., 1992). From these primary measurements 
we calculated angle ofvergence at each target distance for 
this subject. Analyses of data on the stability of the 
Hirschberg ratio across age (Riddell, Hainline & 
Abramov, 1994) provide a factor of 12.5 deg (21 A) of eye 
turn per mm of change in corneal reflection position. This 
value was used to calculate the angular eye position for 
each target. Binocular vergence was calculated by adding 
the angles from each eye. Since, in most cases, the 
binocular vergence data were linear over the range of 
targets tested (25-200 cm), a linear regression was fit to 
each subject's binocular vergence data. This yielded a 
function whose slope is a measure of the change in angular 
vergence across targets and whose intercept isan estimate 
of twice angle 2 for each individual subject. 
The slope of the vergence demand function depends on 
the interpupillary and target distances. For an adult with 
an interpupillary distance (IPD) of 63 mm, vergence 
demand for our targets ranges from 1.8 deg (3 A) at 0.5 D 
(200 cm) to 14.4 deg (24 A) at 4 D (25 cm). For an infant 
with a 40 mm IPD, the range is from 1.1 deg (2 A) at 0.5 D 
to 9.2 deg (15.6 A) at 4 D. The question of how accurately 
a given infant was converging to the targets thus requires 
a comparison of the response function to the vergence 
function we would expect under ideal circumstances for 
a subject with that IPD. As the target distance is reduced, 
there is a consequent reduction in IPD as the eyes 
converge to view the target. An estimate of the individual 
infant's IPD for each target distance was derived from a 
regression of the measured IPDs against arget distance, 
measured at the lower magnification. This regression was 
used so as to minimize inconsistencies due to the infant 
failing to look at a single target distance. A linear ideal 
vergence function was derived from the expected IPDs 
and the target distances we used. An age appropriate 
intercept was calculated for each infant, based on 
calculations of angle 2 across the first year (Riddell et al., 
1994). 
We always attempted to hold the center of the infant's 
head on the same axis as the center of the targets, but this 
was not always possible because of the difficulties in 
holding floppy or squirming infants. In cases where the 
subject fixates the target from an off-axis position, there 
will be a compensation of eye position; the eye which is 
located further from the target converges more than the 
eye located closer to the target. This difference in eye 
position between the two eyes might be interpreted as a 
tropia if head position were ignored. These compensatory 
changes in eye position can be seen clearly in the data as 
deviations from the expected monocular response 
function. In an extreme case, with the infant off-axis at all 
target distances, the resulting differences in monocular 
eye position would be similar to that found for an eye 
turn. Even in these cases, however, the binocular vergence 
estimate would be appropriate for that target, that is, 
would lie on the expected linear function [an example can 
be seen in Fig. 1 (B), described below]. The magnitude of 
this compensation will depend on target distance and 
IPD. For example, if the 4 D target were directly in front 
of one eye of an infant, the angular rotation for the 
individual eyes could differ by as much as 4.5 deg (7.6 A), 
while at 0.5 D, the effect would be 1 deg. Our present 
scoring system does not allow us to quantify off-center 
head position with precision, so we have not been able to 
correct he data for that factor. However, the films were 
screened, and any frames that showed extremely poor 
head position were rejected. Further, we were able to 
judge whether the departure from good monocular eye 
position was caused by compensation for off-axis head 
position or appeared to be a true tropia and noted this in 
the data record. Because we had no means of subtracting 
out this angle, it contributes to some of the variability in 
monocular eye position observed across subjects. 
Another source of differences in monocular eye 
position is the confusion of vergences with versions. If the 
subject were looking to one side of the target, especially 
for larger targets, one might be fooled into believing that 
the infant had an intermittent tropia even if the eyes were 
properly aligned at all other target distances. Unfortu- 
nately, targets have to be of a sufficient size to maintain 
the infant's attention. The maximum width of our largest 
target was about 7 deg (12 A), smaller than a human face 
at a normal interacting distance, but not negligible. If on 
one trial an infant were looking at one side of this target 
and fixated the opposite side on the next photo, the 
monocular eye position would not change in a linear 
fashion because of a difference in version, not vergence. 
We were able to judge whether versions were occurring 
because they presented an identifiable pattern of 
symmetrical angular differences from a common 
monocular function across target distances, i.e. the 
vergences did not deviate substantially from the horopter, 
and any deviation of the eyes from this line was 
symmetrical. In these cases there was no disruption in the 
linearity of binocular vergence. 
One measure of interest in these data is the average 
difference between the monocular eye positions across 
targets. These differences will be large in infants with 
constant tropias. However, since we could not correct he 
data for the cumulative ffects of off-axis head position 
and asymmetrical fixation, the net effect is to increase the 
normal baseline against which to compare "abnormal" 
eye alignment. We estimate that the average ffect of such 
problems is no more than 4-5 deg (6.8-8.5 A). To put this 
level of measurement uncertainty in perspective, 
experimental (Reinecke, Sterling & Wizov, 1991) and 
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clinical experience with estimating eye position using an 
observational Hirschberg test (i.e. without photographic 
magnification) suggest hat changes in corneal reflection 
position of < I mm are unlikely to be detected. By our 
estimate of the Hirschberg ratio, this would mean a 
detection threshold of 12-13 deg (around 20 A) for an eye 
turn. We estimate that with our present scoring system, 
we can reliably pick up a "true" tropia of 5-6 deg 
(8.5-10 A) if the subject is paying reasonable attention to 
our targets. After looking at the data from hundreds of 
subjects we were able to distinguish real eye turns with 
some degree of confidence. We are currently developing 
a method to measure off-axis head position, which will 
increase considerably our accuracy of detecting real 
vergence rrors. 
RESULTS 
Fig. 1 shows some examples of the vergence behavior 
which were deliberately chosen to be from some of our 
younger subjects. Figure 1 (A) illustrates the standard plot 
of monocular and binocular vergence across targets. As 
the legend specifies, the plot presents data on eye 
position for each eye separately, as well as the linear fit 
to the binocular vergence data. Also illustrated as a 
solid line is the ideal vergence-response function that 
would be expected from an infant with the same IPD as 
this subject. If the infant was converging appropriately 
and there were neither versions nor off-axis head 
positionings, we expect linear response functions 
both monocularly and binocularly, with the slope of 
each monocular function half that of the binocular 
function [see e.g. Fig. I(A)]. For simplicity we have not 
included the linear fits to the monocular data in the 
graph, but for this subject hey are almost exactly half 
of the binocular slope. Further, we expect the 
monocular functions to have similar intercepts, as long as 
there is no tropia or off-axis head position. The 
intercept of the ideal function was chosen to be 
appropriate for the average infant of this age, based on 
our previous work; a difference between the intercepts of 
the fitted binocular data and the ideal curve thus implies 
that this infant has a different angle 2 than the average 
infant of this age. 
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FIGURE 1. Plots of monocular and binocular vergence for four young infants for targets ranging in demand from 0.5 to 4 D. 
The data for the right (A) and left (O) eyes are simply joined by lines, but the line for the binocular data (0)  is the result of 
a linear regression on these data [except in (C)]. The solid line is the vergence response function expected from a subject with 
this subject's IPD. (A) An example of excellent vergence from a 38-day-old infant. As expected, all the functions are linear, with 
the monocular functions having slopes about half that of the binocular function. (B) An example of the effects of versional eye 
movements and off-axis viewing position on monocular eye position. This 27-day-old infant appears to be making side to side, 
conjugate eye movements ofabout 5 deg (8.5 A) at the plane of the target for the 1 and 4 D targets, possibly looking from edge 
to the edge of the target; note that the binocular vergence is appropriate and falls almost exactly on the expected line. For the 
3 D target, the split between the monocular curves is caused by a head position too far to the left (OCL, off center left), which 
requires a greater vergence angle for the left eye and corresponding less vergence for the right eye to compensate. Binocular 
vergence is not affected. (C) This 44-day-old infant shows a constant esotropia ranging from 5 to 10 deg (8.5-17 A) across target 
distances, een in the constant offset between the monocular curves. In addition, the infant fails to converge appropriately with 
either eye for the nearest target, reverting to a vergence angle appropriate for distance. The data have been reviewed to rule out 
head position as an explanation for these results. Because of the non-monotonic binocular function, the binocular vergence data 
here have simply been joined, not fit, as above. (D) This 30-day-old infant shows a large (>40 deg) exotropia, particularly 
pronounced for the closest argets. Binocular performance is severely compromised asa result of this problem. 
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Figure I(B) illustrates the effects of versions and 
off-axis positions on the monocular eye position across 
targets. The distinctive symmetrical "diamond" pattern 
demonstrated by this infant probably reflects looking 
back and forth about 5 deg (8.5 A), which could be from 
edge to edge of the targets at 1 and 4 D. The behavior at 
3 D is compensation for a confirmed head position off 
center to the left (OCL), resulting in greater vergence for 
the left than for the right eye. Note that despite these 
considerations, the binocular vergence function has a 
slope very close to that of the ideal response function 
expected for this infant. Also, the intercepts are similar 
suggesting that this infant's angle 2 was near the average 
for this age. 
Figure I(C, D) is included to illustrate only a few of the 
response patterns that differ from "good" vergence; 
unfortunately there is not space to include more of the 
exceptions here. Figure 1 (C) illustrates behavior from an 
infant with a constant left esotropia, ranging across 
targets from 5 to 10 deg (8.5-17 A), with an average of 
5.8 deg (10 A). There may be a version contributing tothe 
interocular separation at the 3 D target. Because the data 
are non-linear, we have simply joined the data points for 
the binocular response for this panel, rather than 
presenting the binocular egression line. The non-linear- 
ity results from the infant's difficulty converging to the 
4 D target, where we see a binocular vergence angle 
appropriate for distance rather than near. The infant in 
Fig. I(D) shows a large left exotropia, particularly for 
near targets, where the turn is more than 40 deg (68 A). 
Note that this behavior is not typical, even for the 
youngest infants; this infant shows one of the most 
extreme ye turns seen in the entire sample. 
The largest proportion of subjects at each age group 
showed good vergence, defined as monotonic changes in 
binocular vergence at all targets, with head position 
compensation and/or versions explaining departures 
from linear monocular functions. This class represented 
70.4% of the total sample, with 38.9% of the 
1-month-olds, 65.9% of the 2-month-olds, 80.2% of the 
3-month-olds, and 81.3% of the 4-month-olds showing 
this pattern. Examination of the data resulted in 
classification of subjects into nine other discrete 
behaviors. There was no age trend discernible inthe types 
of behavior displayed at different ages; 5.7% of the total 
sample showed flat binocular vergence with no change in 
monocular eye position, presumably reflecting a 
significant lack of attention to the targets (this could be 
confirmed by observing whether accommodation re- 
sponses were also flat); 4.6% showed evidence of a 
consistent turn in one eye; 5.5 % had good vergence except 
on one target, possibly because of a momentary lapse of 
attention; 2.1% had good vergence except on two targets; 
1.6% had a tropia (usually exo) that alternated between 
eyes across targets; 0.8% showed reasonable binocular 
vergence but with one eye overconverging and the other 
diverging; 1.4% had a similar monocular pattern, but 
with flat binocular vergence; 6.3% showed a curious 
pattern of good binocular vergence, but with one eye 
responsible for all the vergence; 1.6% were unclassifiable. 
4 
2 
0 
~-2 
"o  
== 
-6 
I Mos 
o 
o o %*  A ^ ~  
• ,~•  At  = 
Mn = 0.68 
• Sd = 1.01 
2 Mos 
o 
• o 
- ° ,8  o % o 
o 
Mn = 0.97 
Sd = 0.66 
i I 
3 Mos 
• o 
oo  
Mn = 0 .99 
Sd = 045 
4 Mos 
2o • 
Mn = 1,02 
Sd=040 
15 30 45 60 75 90 105 120 
Age (Days) 
FIGURE 2. Scatter plot of the ratio of the slope of the linear fit to each 
infant's binocular vergence data to the slope of the ideal vergence 
function for an infant with that subject's IPD. The vertical reference 
lines divide the sample into the age groups described in the text. The 
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qualitative screening. • Subjects whose monocular data deviated in 
some way from that expected. Some of these lapses were minor but in 
other cases the infants howed significant departures from good ocular 
alignment. See the text for a further description of the alternative 
behaviors. 
Except for the fact that the youngest age group showed 
the highest incidence of membership in almost all of these 
groups, no particular pattern typified the younger group 
in comparison tothe older ones. The proportion of infants 
showing some evidence of an eye turn on the majority of 
the targets tested is around 8% by this classification, 
substantially lower than the estimates provided over this 
age range by Archer and colleagues (Archer, 1993; Archer 
et al., 1989; Sondhi et al., 1988). 
The most straightforward question to answer is the 
accuracy of vergence for these targets in infancy. We 
addressed this by comparing the ratio of the slope of the 
fitted binocular vergence function to the slope of the ideal 
vergence line for each subject. When the actual binocular 
vergence data departed from linearity, itwas possible for 
the fitted function to have a wide range of values, 
including negative slopes, with more extreme values 
connoting reater departures from the expected linear 
function. Figure 2 is a scatter plot showing the value of 
this ratio for all subjects by age. The horizontal reference 
line plotted is the overall sample mean of 0.95, not 
significantly different from 1.00, the value found when 
observed and ideal vergence slopes are the ,,;ame. Vertical 
reference lines separate the age groups described above. 
"Outliers" represent individual infants whose ratios show 
marked epartures from the expected value. The plot also 
allows a visual estimation of how much the infants in a 
given age group diverge from the expected value and the 
sample average. The means and SDs included in the figure 
legend reveal that the youngest infants (under 45 days) 
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showed somewhat lower and more variable ratios than 
the older infants, but that after this age, there was very 
little change in the ratio of observed to expected vergence 
slope. Because of the unequal variances, a non-parametric 
test was used to calculate the significance of this 
pattern (Kruskal-Wallis one-way ANOVA, X~(3, 
N = 631) = 14.45, P < 0.002). 
Figure 2 also distinguishes between the data by age for 
the 70.4% of the subjects with unequivocally good 
vergence (0 )  and all the other subjects (~).  This 
convention will be followed in the remaining figures. By 
regression, there was no significant age trend in the data. 
However, after collapsing over age, a Mann-Whitney 
U-test revealed a significant difference between the infants 
with good vergence and all other infants (z = -9.62,  
N = 631, P < 0.0001). 
To get a rough estimate of how much difference in 
position there was between the two eyes (keeping in mind 
the baseline for the effects of off-axis head position or 
versions), we evaluated the average signed difference in 
vergence between the eyes on each target by subtracting 
the value from the right eye from that of the left. We also 
calculated the absolute values and between- and within- 
subject SDs of these differences. The expected value of the 
average signed interocular difference across targets is 
zero; Fig. 3 presents a scatter plot of this measure by age 
for all the subjects, with a reference line at the sample 
average of -0.11 (SD = 3.2), a value not significantly 
different from zero. In almost all cases, subjects with 
extreme scores on this measure had already been classified 
by us as having a constant or intermittent eye turn. As 
Fig. 3 shows, there is no effect of age on this measure, 
either by regression or a non-parametric on subjects 
grouped by age (Kruskal-Wallis one-way ANOVA, X2(3, 
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for each subject. Because the differences here are signed, the expected 
value is 0 deg, not significantly different from the sample mean of 
-0 .11 deg (0.19 A), plotted as a horizontal reference line. The symbols 
represent the classification of subjects described in the text and in the 
caption for Fig. 2. 
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F IGURE 4. The average absolute value of monocular eye position 
difference as a function of age. Because the distribution is neither 
symmetrical nor normal, the summary data are presented as medians. 
The median values for the four age groups are plotted, while the median 
for the whole sample, 2.67 deg (4.5 A), is indicated as a horizontal 
reference line. 
N= 631)= 0.44, n.s.). There was also no significant 
difference between the subjects classified as showing good 
vergence (©), and the other subjects (A), according to a 
Mann-Whitney U-test. Younger subjects were more 
variable than older subjects on this measures; as shown in 
Fig. 3, the between-subject SDs decreased systematically 
with age. We also calculated a measure of within-subject 
variability, based on the within-subject average interocu- 
lar difference across the targets. This measure showed a 
significant decrease with age group (Kruskal-Wallis 
one-way ANOVA, X2(3, N = 631) = 58.05, P < 0.0001). 
A slightly different measure of monocular difference is
to look at the absolute value of the difference measure 
described in the previous paragraph (Fig. 4). The signed 
average might be close to zero even if there were 
alternating "tropias" in which the fixating eye shifted 
from target o target. Taking the absolute value allows an 
estimate of the usual interocular difference across all the 
targets. Because this measure has a lower limit, it has a 
skewed distribution. We have therefore used medians 
rather than means to describe the central tendency of the 
distribution. Note that, as before, the youngest subjects 
had the largest absolute interocular difference compared 
with the other age groups (Kruskal-Wallis one-way 
ANOVA, X2(3, N = 631) = 46.25, P < 0.0001). They 
were also the most variable, as with previous measures. 
Note, however, that even for the youngest subjects, the 
median absolute interocular difference was <5 deg 
(8.5 A). The median for 1-month-old subjects who were 
classified as "good convergers" was 3.02 deg (5 A), 
declining to a low of 1.93 deg (3.3 A). for 4-month-olds, 
even including the effects of versions and off-axis head 
position. In almost all cases, the "outliers" are subjects 
with suspected real tropias, but even for these subjects, the 
deviations are not extremely large; the mean absolute 
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difference from all subjects classified by us as having 
an eye turn was 5.3 deg (9 A). across age. Collapsing 
over age, there was a significant difference between 
subjects classified as good convergers and the other 
classifications (Mann-Whitney U-test, z = - 8.36, 
N = 631, P < 0.0001). 
A final examination of age differences i illustrated in 
Fig. 5, which shows a scatter plot of the absolute value of 
the largest interocular difference measured for each 
subject, as a function of age, presented as medians. The 
story is much the same as for the other measures. The 
youngest infants had the largest monocular differences, 
and both the median maximum difference (Kruska~ 
Wallis one-way ANOVA, )(2(3, N=631)=61.27 ,  
P < 0.0001) and the variability on this measure declined 
with age. There was a significant difference between the 
good convergers and the other subjects (Mann-Whitney 
U-test, z --- - 8.59, N = 631, P < 0.0001). Note again, 
however, that despite subjects with extreme values, the 
median maximum difference was only about 6 deg (10 A), 
a level that according to Reinecke t al. (1991) would not 
be likely to be scoreable by simple observation. 
DISCUSSION 
The results of this study are relatively easy to 
summarize: on all the measures of vergence, the 
1-month-old infants show less precise and more variable 
vergence than infants between 2 and 4 months of age. At 
the same time, however, even the youngest infants are 
performing substantially better than had been described 
in some studies based on observation (e.g. Archer, 1993; 
Archer et al., 1989; Friedrich & de Decker, 1987; Sondhi 
et al., 1988). The average absolute difference between the 
eyes for the 1-month-olds i  < 5 deg (8.5 A), probably not 
even reliably detectable under normal observation 
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FIGURE 5. The maximum difference between monocular eye 
positions as a function of age. As in Fig. 4, the summary data are 
presented as medians. Other conventions are as in previous figures. 
The median response of 6.00 deg (10.2 A), is plotted as a horizontal 
reference line. 
conditions. This average includes both infants who have 
real problems of vergence such as tropias and subjects 
whose "tropias" are due to the effects of off-axis head 
positioning and versions; we can tell these infants apart 
from the pattern of their behavior across targets, even if 
we are not yet able to correct he data for these factors. 
For the youngest of the infants who were judged as 
"good" convergers, the average difference in monocular 
position was about 3 deg (5 A). This average would be 
lower if we were able to measure and compensate for 
off-axis head position; this is a task on which we are now 
working. This refinement, however, would not change 
substantially the impression that even young infants are 
capable of reasonably good vergence on a task such as 
this, with stationary visual targets. The knowledge of an 
empirically established Hirschberg ratio (Riddell et al., 
1994) allowed us to verify that these vergences are 
metrically correct for infants with these IPDs. The large 
N assures us that our results are stable for infants of these 
ages. 
The data imply that, in most cases, subjects fixate with 
corresponding retinal loci and change their viewing angles 
appropriately for targets at different depths; whether the 
locus is the anatomical fovea in each eye could only be 
discerned by use of fundus photography, too invasive a 
method for infants. It is not possible to tell from these data 
whether accurate vergence is the result of true binocular 
comparison between the two retinal images or simply the 
positioning of the target on a preferred retinal ocus by 
each eye independently. We also do not know whether 
these infants are experiencing sensory fusion, although 
"motor fusion" is a plausible description of their 
oculomotor behavior. 
Experiments using animal models of amblyopia have 
demonstrated the damaging effect of disparate retinal 
images caused by imposed ocular misalignments 
(Movshon & Van Sluyters, 1981; Wiesel, 1982; Boothe, 
Kiorpes & Carlson, 1985). This would suggest that 
disparate retinal images are probably not the norm in 
early infancy. As for animals, proper visual development 
in infants requires binocularly coordinated input as a 
platform for subsequent developments. These data 
suggest hat in the majority of cases infants experience 
such inputs. Although infants under about 1 month are 
less precise and more variable in their vergence control 
than they will be a month or two later, their 
"misalignments" are small compared with those that have 
been reported by some studies, particularly for newborns 
who were not measured here. If the reported 
misalignments in young infants are not caused by the use 
of large targets that resulted in the confusion of versions 
with vergences, these differences point to an extremely 
rapid development over the first two to three weeks of age. 
Our data support he conclusion that inihnts as young 
as 20 days of age can control eye position sufficiently to 
maintain images of visual targets on corresponding 
retinal ocations. This could therefore serve as a possible 
substrate for the advances in the control of sensory and 
motor binocularity which begin to emerge at 5-6 months 
(Birch, Gwiazda & Held, 1982; Gwiazda, Bauer & Held, 
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1989; Shimojo, Bauer, O'Connell & Held, 1986). Our 
experimental protocol does not allow us to determine the 
dynamics of the eye position changes which result in these 
appropriate vergences. There is one report of improve- 
ments in the ability of young infants to track targets 
moving in depth, with improvements seeming to follow 
the development of stereopsis (Thorn et al., 1994). The 
dynamics of vergence ye movements might therefore 
distinguish these early vergence changes from later more 
adult-like behavior. These dynamics remain to be studied. 
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